Abstract-In this paper, the design of Log Periodic Fractal Koch Antennas (LPFKA) is proposed for Ultra High Frequency (UHF) band applications. The procedure to design the LPFKA with three different numbers of iterations in order to reduce the antenna size is discussed. The Computer Simulation Technology (CST) software has been used to analyze the performances of the designed antennas such as return loss, radiation patterns, current distribution and gain. The antennas have been fabricated using FR4 laminate board with wet etching technique. Using fractal Koch technique, the size of the antenna can be reduced up to 27% when the series iteration is applied to the antennas without degrading the overall performances. Both simulated and measured results are compared, analyzed and presented in this paper.
INTRODUCTION
In modern telecommunication systems, antennas with wider bandwidth and smaller dimensions than conventional ones are preferred. This has initiated antenna research in various directions; one of which uses fractal shaped antenna elements [1] . Several fractal geometries have been introduced for antenna applications with varying degrees of success in improving antenna characteristics. Some of these geometries have been particularly useful in reducing the size of the antenna, while other designs aim at incorporating multi-band characteristics [2] [3] [4] [5] .
Fractal shape antennas have already been proven to have unique characteristics linked to the geometry properties of fractal. Fractals were first defined by Benoit Mandelbrot in 1975 as a way of classifying structures whose dimensions were not whole numbers. Fractal geometry has unique geometrical features occurring in nature. It can be described as a branch of tree leaves and plant, jaggedness of coastline, and many more examples in nature [6] . Certain classes of fractal antennas can be configured to operate effectively at multi frequency bands. Other than that, fractal antennas can be utilized in a variety of applications, especially where space is limited [7] [8] [9] [10] [11] [12] [13] .
There are several types that have been proven by other researchers, i.e., some of the fractal types can be used to reduce the antenna size [14] . Some papers discussed size reduction of space filling antenna using Hilbert curve compared to other method such as meander line and zigzag antenna. The configuration can reduce the antenna size further especially at lower frequency band. Other than that, Minkowski fractal patch antenna has also been proven to reduce the antenna size by 47% while maintaining the same resonant frequency [15] . The reduction in size indirectly reduces the mutual coupling between each element for array configuration antenna [16] .
Koch curve is a good example of self-similar space-filling fractals which have been used to develop wideband/multiband and/or miniaturized antennas. The features of the Koch geometry can overcome some of the limitation of small antennas [17] . In this works, the fractal Koch geometry has been chosen due to its capabilities to reduce the size of the elements by applying different numbers of iteration such as the 0th, 1st and series iteration to investigate the performances of the antennas especially at the UHF band applications. The design methodology of the antennas using log periodic technique is discussed, and the detail results of the proposed antenna are presented in this paper.
DESIGN METHODOLOGY
The log periodic antenna was originally designed at the University of Illinois in the USA in 1955. The log periodic antenna exists in a number of forms. The most common one is the log periodic dipole array (LPDA). It consists of a number of dipole elements. One of the important parameters in this design is scaling factor which is closely related to log periodic. The dimensions such as the length l, width w, and distance d of the antenna can be related to the scaling factor τ as shown in Equation (1) [18] .
From this technique, the resonant frequencies of the antenna can be combined to obtained wider bandwidth. The numbers of elements will influent the range of the bandwidth. The equations have been introduced to design a log periodic fractal Koch antenna. The scaling factor τ and spacing factor σ can be obtained by using Carrel's table. Then, the angle α is calculated using Equation (2) . [18] 
Carrel has introduced a semi empirical equation to calculate the bandwidth of the active region B ar related to τ and σ.
In practice, a slightly larger bandwidth (B s ) is usually designed than desired bandwidth (B) which is required. The two are related by:
where, B s = designed bandwidth, B = desired bandwidth, B ar = active region bandwidth. The number of element is determined by:
Then, the length of the element is calculated using Equation (6).
where, v is the actual propagation speed of the dipole. This speed depends on the dielectric constant of the environment surrounding the radials. The speed can be obtained by using Equation (7). Figure 1 shows the example of 1st iteration LPFKA. The higher degree of flare angle will influence the length of the element. The same method is applied to the series iteration LPFKA. The performance of the antennas are studied and presented in the next section.
DESIGN DESCRIPTION AND SIMULATED RESULT
The design of the Fractal Koch Antennas for the 0th, 1st and series iterations is based on log periodic concepts. The Computer Simulation Technology (CST) software has been used to simulate the performance of the antennas. The antennas have been designed to operate from 0.5 GHz to 3 GHz. It consists of fifteen elements for the desired frequency range. The design specifications of the antennas such as operating frequency, bandwidth, gain, radiation pattern, polarization and scaling factor are tabulated in Table 1 . The 0th, 1st and series iterations of Fractal Koch antennas is shown in Figure 2 . The parameters involved are length of the elements (l n ), width of the elements (w n ) and distance between the elements (d n ). The number of elements influences the bandwidth of the antennas. Thus, to obtain a wider bandwidth, the number of elements needs to be increased. The structure of the elements exists on both sides of the substrate. In other words, the elements are in crisscross arrangement. This arrangement needs to be satisfied to make sure the coupling between the elements is strong enough to radiate the electromagnetic waves. Other than that, Table 2 shows the comparison in terms of size reduction due to the number of iterations. As can be seen, the 1st iteration antenna reduces about 7% with 30 degree flare angle while the series iteration of the antenna is reduced to 26%. Figure 3 shows the simulated current distribution of the antenna for three different resonant frequencies. It can be observed that at the lower frequency, the current propagates at the bigger elements, which confirms that the antenna is resonating at the appropriate elements. Figure 3(b) shows the current distribution of the antenna at 0.8 GHz while Figure 3 (c) shows the current propagating at the smaller elements. By monitoring the current distribution or surface current, the effect of mutual coupling can be observed, which is important in order to minimize the coupling effect among the adjacent elements for the antenna design. Figures 4 and 5 show the current distribution for 1st and series iterations at 0.5 GHz, 0.8 GHz and 2 GHz respectively.
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MEASUREMENT RESULT
After the fabrication process, the prototypes of the antennas have been measured to validate the performances of the antenna in terms of input return loss, radiation pattern and gain. These measurements have been taken using the appropriate equipments such as network analyzer, spectrum analyzer, signal generator and antenna measurement system. Figure 7 shows the simulated and measured return loss for the 0th, 1st and series iterations for UHF Fractal Koch antennas. The simulated return loss for these three antennas is shown in Figure 7 (a). It shows that the antennas have a good return loss from 0.5 GHz up to 4 GHz with respect to −10 dB. It is clearly seen that at the lower frequency the return loss for series iteration shifted to the right a little bit, but for the 1st iteration UHF antenna shifted to the left side. This phenomenon happened in many cases in antenna design that might occurr due to the misalignment between the upper and lower printed antennas. In addition, it can be observed that the simulated bandwidth of the antennas is around 267%. Besides, the measured return loss for 1st, 2nd and series iterations is depicted in Figure 7 (b). It can be seen that the graph gives similar pattern to each other. At the lower part, the graph has many ripples compared with that at the upper part. It might be due to the properties of the material used, which has higher dielectric constant. However, the return loss for fabricated antennas is slightly shifted up especially at the higher frequency range. The comparisons for each simulated and fabricated antenna are shown in Figure 8 . As can be seen, the return loss for the 0th iteration antenna shows slight difference at the higher frequency, but it remains below −10 dB. Nevertheless, the 1st and series iteration results are shown in Figures 8(b) and 8(c) respectively.
Input Return Loss Measurement
Radiation Pattern Measurement Setup
As can be seen in Figure 9 , the AUT is placed at the antenna holder and connected to the spectrum analyzer. The signals at the spectrum analyzer represent the power received from the transmitted antenna at a certain angle. The signal generator is connected to the transmitter. In this case, a horn antenna has been used as reference antenna. The transmitting frequencies can be set at the signal generator. 
Analysis Radiation Pattern for Fractal Koch Antennas
The analysis for simulated and measured radiation patterns for Fractal Koch antennas for the 0th, 1st and series iterations is discussed in this part. The co-polar and cross-polar radiation patterns have been measured at two different frequencies at 0.8 GHz and 2 GHz for both E-and H-planes. The simulated and measured radiation pattern data are normalized in order to plot the radiation pattern in one graph. Figure 10 shows the comparison between simulated and measured Simulated and measured radiation pattern at 0.8 GHz Simulated and measured radiation pattern at 0.8 GHz radiation patterns at 0.8 GHz and 2 GHz for E-and H-co polar for 0th iteration Fractal Koch antenna for UHF band application. The measured radiation patterns are similar to the simulated one at 0.8 GHz for E-co, but there is a little bit difference for H-co polar at the left side of the measured radiation pattern. The measured radiation pattern at 2 GHz for E-co polar is lower than the simulated one. As can be seen in Figure 10 (b), the measured radiation pattern produces bigger back lobes. Consequently, the main lobes of the measured pattern are lower than the simulated pattern. The radiation pattern for the 1st iteration at 0.8 GHz and 2 GHz is depicted in Figure 11 . It can be observe that the simulated and measured radiation patterns for E-and H-planes are close to each other.
The radiation patterns for series iteration antenna are shown in The simulated and measured radiation patterns for E-co and H-co correlate well. However, the existing of the back lobes for measured radiation pattern does not much affect the main beam of the antenna especially at 0.8 GHz for E-co polar and at 2 GHz for Hco polar. The measured radiation patterns show that the antennas are linearly polarized. The differences between co and cross polar determined the polarization of the antennas. In this case, co and cross polar for both E and H planes are more than 3 dB as shown in Figure 13 .
Analysis of Gain for Fractal Koch Antenna
The measured gain for UHF Fractal Koch antennas has been compared with the reference antenna. All three prototypes of this antenna exhibit a similar pattern compared to each other. As can be seen, the 0th, 1st and series iteration LPFKA give similar patterns. The antennas have been measured and compared in terms of power received by varying the frequency range and the value of power received in dBm. The antenna has a higher gain when it gives higher values at that particular frequency. However, it might have a lower gain when it is working outside its operating region.
CONCLUSION
The Log Periodic Fractal Koch antennas with three different structures such as the 0th, 1st and series iterations have been designed, simulated and fabricated. The simulated and measured results in terms of return loss, radiation pattern and gain have been compared and analyzed. The simulated current distribution of the antennas shows a good correlation between radiating elements and resonant frequencies. Moreover, the size of the antennas has been reduced up to 7% for the 1st iteration and up to 26% for series iteration antenna compared to the 0th iteration. The radiation patterns of all fabricated antennas are similar to the simulated ones. In addition, the gains of the antennas also are similar to that of the fabricated antennas. It shows that by applying the number of iterations to the antenna, the size of the antennas can be reduced. The performances of the antennas are maintained throughout the frequency range of the designed. The comparison between simulated and measured results has been shown and discussed in this paper, and it shows a good agreement for both results.
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